Abstract --Introduction. Generally, in Iran, citrus cultivars are grafted on Sour orange rootstocks. However, susceptibility of this rootstock to tristeza (CTV) has required a research program to replace Sour orange trees with other rootstocks. Materials and methods. Yield performance and fruit quality of Ruby Red and Marsh grapefruits were assessed for 5 years (1999 to 2003) in the Agricultural Research Station in Dezful (Southern Iran) according to the eight different rootstocks used: Carrizo citrange, Citrus amblycarpa, Cleopatra mandarin, King mandarin, Sour orange, Swingle citrumelo, Troyer citrange and Volkamer lemon. Results and discussion. For the 5 years studied, cumulative yields per tree and yield per trunk cross-section area were the highest on Cleopatra mandarin, Sour orange, Swingle citrumelo and Volkamer lemon, whereas trees on Citrus amblycarpa, Carrizo citrange, King mandarin and Troyer citrange were the least productive. The results showed that individual fruit weight, size and skin thickness were significantly higher for both cultivars on Volkamer lemon, compared with the other rootstocks. Fruits on the Cleopatra mandarin rootstock had the lowest weight and fruit diameter. The rootstock type also affected the fruit juice amount and soluble solid content. Fruits from cultivars which were grafted on Sour orange rootstock had total soluble solids of 9.93% and 51% of juice content, whereas on Volkamer lemon rootstock, they had 7.81% of total soluble solids and 45.3% of juice content. Total acid of the fruits from cultivars grafted on Volkamer lemon had the significantly smallest amount (1.33%). In both cultivars of grapefruits, no significant differences were observed except in the size of the fruit, fruit juice and vitamin C contents. Interactions between rootstock and cultivar were significantly different. Conclusion. Our results indicated that the yield and fruit quality of grapefruit are strongly influenced by the rootstock used. Also, the interaction between cultivars and rootstocks may be an interesting strategy for the adaptation of cultivars to different climatic areas. Les résultats ont montré que le poids du fruit, ainsi que la taille et l'épaisseur de la peau des fruits des deux cultivars de pomelo étaient sensiblement plus élevés sur les arbres greffés sur Citrus volkameriana que sur ceux greffés sur les autres porte-greffes. Les fruits sur mandarinier Cleopatra ont eu les poids et les diamètres de fruits les plus bas. En outre, le type de porte-greffe a affecté la quantité de jus de fruit et la teneur en solide soluble. Les fruits des cultivars greffés sur oranger amer ont eu des taux de solides solubles totaux de 9,93 % et une teneur en jus de 51 %, tandis que, sur le porte-greffe Citrus volkameriana, ils ont eu 7,81 % de solides solubles totaux et 45,3 % de jus. L'acidité totale des fruits des cultivars greffés sur Citrus volkameriana a eu les valeurs les plus faibles (1,33 %). Pour les deux cultivars de pomelo, aucune différence significative n'a été observée, exceptés la taille du fruit, la teneur en jus du fruit et son contenu en vitamine C. Les interactions entre portegreffe et cultivar ont été significativement différentes. Conclusion. Nos résultats indiquent que la production et la qualité des fruits du pomelo sont fortement influencés par le porte-greffe utilisé. En outre, l'interaction entre les cultivars et les porte-greffes pourrait être intéressante à considérer pour l'adaptation des cultivars aux différentes zones climatiques.
Introduction
Citrus is the most important tree fruit crop in the world and grapefruit is an especially good fruit for the diet. Most citrus orchards worldwide consist of two-part trees that combine favorable attributes of the scion and rootstock. Rootstock selection is a major consideration in every citrus-growing operation. It should be carefully considered because such decisions are relatively permanent in their effect and thus in their longterm significance [1] [2] [3] . More than 20 horticultural characteristics are influenced by the rootstock including tree size, adaptation to certain soil conditions, fruit yield, size, texture, internal quality and maturity [3] [4] [5] .
In southern Iran (Khozestan) most citrus cultivars are grafted on Sour orange rootstock. However, susceptibility of this rootstock to tristeza (CTV) in some cases has required a research program to replace Sour orange with other rootstocks for almost all the commercial cultivars including grapefruit. Economides and Gregoriou [6] reported that, over a 9-year production period in Cyprus, trees of Marsh grapefruit on Rough lemon and Citrus volkameriana were more productive per unit tree size and their cumulative yields per tree were significantly higher than those of trees on Sour orange. Georgiou [7] evaluated 12 rootstocks including Sour orange for Clementine mandarin in Cyprus. He reported that cumulative yield over 11 years was highest on Rough lemon followed by Volkamer lemon. Also, he concluded that the rootstock affected the fruit size and weight of individual fruit, rind thickness, juice content, brix and [brix/acid] ratio. There is evidence that the rootstock could affect the incidence of rind breakdown in sweet orange [5] . Earlier, Castle and Phillips [8] had studied the effect of 18 rootstocks on the performance of Marsh grapefruit in a closely spaced planting. They proposed that the rootstock had significant effects on tree size, yield, fruit quality and the quantity of soluble solid per tree. They recommended Rough lemon and Swingle trifoliate orange as the best rootstocks for these purposes. There are several reports that indicated a rootstock effect on the quality of fruit, yield and tree growth and tree size [9] [10] [11] . The rootstock can also affect growth and fruit quality, leaf mineral composition and, to some degree, tolerance to environmental stress [12] .
External quality may be less important than yield if the fruit is for processing, and this would affect the choice of rootstock. However, if the fruit is for the fresh market, the influence of the rootstock on external quality may become more important. Therefore, in our study, scion-rootstock relationships were considered, with respect to their fruit yield and quality attribute for two grapefruit types, Ruby Red and Marsh. 
Materials and methods
Raf.], Volkamer lemon (C. volkameriana Pasq.), Citrus amblycarpa (C. limonellus var. amblycarpa Hassk.) and King mandarin (C. loureiro). The orchard was planted in 1995 using three replications of four tree plots and a randomized complete-block design. The tree raw spacing was 6.5 m × 4.2 m. The soil was silty clay loam with pH of 8 and an electrical conductivity of 0.8-1 dS/m of the saturation extract throughout the profile. Orchard care was similar to commercial practices in the area. Dam water was used for irrigation and the trees were irrigated with furrows. The area has an average yearly rainfall of 350 mm, occurring mainly from November to April. Mean maximum air temperature is 45 °C in July, with a mean minimum of 5.8 °C in February. Relative humidity ranges from 60-80% during the winter months and from 60-75% in the summer. Trees were fertilized twice a year, in early spring and summer with N, P and K and the amount increased progressively each year to reach 120 kg N·ha -1 as ammonium sulphate, 90 kg P·ha -1 as ammonium phosphate and 60 kg K·ha -1 as potassium sulphate.
Fruits were harvested and yields per tree measured during the years 1999 to 2003 at the beginning of each year (January) when the crop was fully matured. Tree size was measured in January each year and relative tree size was expressed in cm 2 of the trunk cross-section area at a fixed point 15 cm above the bud union. Twenty fruits per tree were randomly collected and analyzed for quality. Fruits were weighed and fruit diameter (at the equator) and rind thickness were measured. Juice was extracted with an electric juice extractor and the juice from individual fruit was pooled, filtered through cheesecloth and used for chemical analysis. Total soluble solids were calculated from refractive indexes using a hand refractometer requiring a drop of undiluted juice (Model K-0032, Cosmo, Japan). Titrable acidity was calculated from the titrated volume of standard 0.1 N NaOH to pH 8.2 and expressed in mg of citric acid·100 mL -1 of juice [13] . Vitamin C also was measured with titration of juice with chlorophenol indophenol and presented as mg·100 mL -1 of juice [13] . All chemical analyses were run in duplicate on the same samples. Data were analyzed using a statistical computing system; the analysis of variance procedure was used and leastsquare means were tested using least square difference (LSD) at the p < 0.05 level.
Results

Fruit yield
Cumulative yields showed that, compared with the other rootstocks, Volkamer lemon produced significantly (p < 0.05) more fruit when grafted with both cultivars, followed by trees on Cleopatra and Swingle citrumelo (table I). In fact, trees on Volkamer lemon, Cleopatra and Swingle citrumelo produced (37, 13.4 and 6.5)% more fruits than on Sour orange, respectively. Trees on Citrus amblycarpa, King mandarin, Carrizo citrange, Troyer citrange and Sour orange produced the lowest yields.
In both cultivars, the largest trees (trunk cross-section area) were on Troyer citrange, Carrizo citrange and Citrus amblycarpa (p < 0.05); the smallest ones were on Cleopatra and Sour orange (table I).
In order to indicate the effectiveness of the rootstock on productivity of trees in relation to tree size, the yield per trunk crosssection area was calculated. Productivity of both cultivars based on the [fruit / trunk] cross-section areas was similar for all the rootstocks. Generally, grapefruits grafted on Volkamer lemon and Cleopatra were more productive than those on the other rootstocks, whereas those on King mandarin were the least productive. Therefore, from our present results, there was no relationship between average tree size and cumulative yield per tree.
Fruit quality
Regardless of the rootstock, there was significant difference (p < 0.05) in some fruit quality parameters between the Marsh and Ruby Red grapefruits examined in our study (table II) : fruit diameter, percentage of fruit juice content and vitamin C content of fruit were significantly higher in Marsh fruits than in Ruby Red ones. However, there was no significant change in other fruit parameters in both cultivars.
Rootstocks affected fruit weight, size and rind thickness of the fruits. Individual fruit weight ranged from 353 g on Cleopatra mandarin to 389 g on Volkamer lemon, the highest fruit weight, which was significantly different (p < 0.05) from that of fruits on the other rootstocks. Fruit diameter and rind thickness were also higher in fruits from Volkamer lemon than in the other rootstocks. Trees on Cleopatra mandarin, Citrus amblycarpa, King mandarin, Citrumelo, Carrizo citrange and Troyer citrange produced fruit with similar juice content. However, Sour orange significantly increased the juice percent (51%) and Volkamer lemon significantly decreased it (45%). Trees on all the rootstocks produced fruits with similar total soluble solids and titrable acidity except fruits from Volkamer lemon rootstock, for which total soluble solids significantly decreased (p < 0.05). There was no significant difference in the [total soluble solids / titrable acidity] ratio in fruits from all rootstocks.
A.-A. Ramin, A. Alirezanezhad Vitamin C of juice was also affected by the type of rootstock. Concentrations of vitamin C in fruits from Citrus amblycarpa, Volkamer lemon and Cleopatra mandarin, respectively, were higher than the other rootstocks considered here, but differences were not significant with fruits from Sour orange. When the significant interaction effect of [cultivar × rootstock] on quality of fruit was studied, quality differences were again observed according to the rootstocks used (table III) . Good quality fruit in size and vitamin C of both types was produced from fruit grafted on Volkamer lemon, Citrus amblycarpa, Swingle citrumelo, Carrizo citrange and Troyer citrange compared with the use of Sour orange.
Discussion
In our study, Volkamer lemon was clearly the best rootstock; trees grafted on it were highly productive and with large fruits. During the 5-year harvest periods considered, fruit yield of trees grafted on Volkamer lemon was 34% higher than fruit yield obtained on Sour orange, the standard rootstock used in southwestern Iran; it was 20% higher than yield on Cleopatra mandarin, which presented a fruit yield 12% higher than yield on Sour orange. Moreover, trees on Volkamer lemon were outstanding and exceeded all other rootstocks in respect of yield in relation to tree size. The least productive trees were those grafted on King mandarin, Troyer citrange, Carrizo citrange and Citrus amblycarpa. Most of our results are in agreement with those obtained for citrus elsewhere [6, 7, 11] .
Citrus volkameriana (Volkamer lemon) is a hybrid which, as a rootstock, produced vigorous trees yielding large quantities [3] . Scions grafted on Volkamer lemon are more freeze-hardy than those grafted on other rootstocks and they are not susceptible to A.-A. Ramin, A. Alirezanezhad the citrus tristeza virus (CTV), Xyloporosis, Malsecco or Phytophthora under most conditions [7, 14] . However, in most citrus orchards, Volkamer lemon is not widely used as a rootstock, but it has been extensively planted in recent years in areas which have lost Sour orange trees because of the CTV virus. Nevertheless, some studies from Florida [3] suggested that yields and net profits over the long term are higher for trees grafted on Volkamer lemon than for others grafted on less vigorous rootstocks such as Swingle citrumelo even when tree losses due to blight or other factors are moderate.
Although our data showed that fruit quality can be markedly influenced by rootstocks, the slightly lower acid, soluble solid content and percentage of juice content in the fruits of trees grafted on Volkamer lemon, compared with those in fruits of trees grafted on Sour orange and Cleopatra mandarin were significant, but the difference was slight [15] . The low soluble solid content and juice percentage of fruits of trees grafted on Volkamer lemon rootstock could be due to the large size and the high yields of these fruits [7] . However, our results also demonstrated the undesirability of making a rootstock decision using one factor alone; for example, the juice content and brix value of fruits from trees grafted on Volkamer lemon were comparatively low, but the quantity of soluble solid per tree and fruit size were high because of the large yield. Mechanisms of rootstock effect on fruit quality were discussed by Castle [16] using apple (a climacteric starch-accumulating fruit) and citrus (non-climacteric and accumulating soluble solid). He proposed that the quality in apples is largely related to crop load and to canopy management, whereas the quality of the citrus fruit juice is closely related to the rootstock effects due to the plant-water relation that regulated field trial results, sucrose transport and reciprocal fruit-grafting studies.
Conclusion
In general, there is no perfect rootstock even for a particular situation. Choice of rootstock should be based on the most important limiting factors. For example, if the limiting factor is the presence of tristeza in the orchards, from the results that we obtained, it may be possible to replace rootstocks of commercial Sour orange with Volkamer lemon and Cleopatra mandarin rootstocks.
